Abstract Here we present two new metrics used for comparing climate impacts of emissions of different climate forcers: the Global Sea level rise Potential (GSP) and the Integrated Global Sea level rise Potential (IGSP). The GSP represents the Sea Level Rise (SLR) at a given time horizon due to an emission pulse of a forcer; the IGSP is similar but represents the time integrated SLR up to a given point in time. The GSP and IGSP are presented relative to the SLR caused by a comparable emission pulse of carbon dioxide. The metrics are assessed using an Upwelling-Diffusion Energy Balance Model (UDEBM). We focus primarily on the thermosteric part of SLR, denoted GSP th . All of the examined climate forcers -even black carbon, a very Short-Lived Climate Forcer (SLCF) -have considerable influence on the thermosteric SLR on the century time scale. For a given time horizon and forcer, GSP th lies in between the corresponding metric values obtained using Global Warming Potential (GWP) and Global Temperature change Potential (GTP), whereas IGSP th ends up in the opposite end to GTP in the spectrum of compared metrics. GSP th and IGSP th are more sensitive for SLCFs than for the long-lived Greenhouse Gases (GHGs) to changes in the parameterization of the model (under the time horizons considered here).
climate variable and the specific treatment of time that is used in the construction of the metric, see Fuglestvedt et al. (2003) .
The Global Warming Potential (GWP) is the most commonly used metric, originating from work by Rodhe (1990) , Lashof and Ahuja (1990) , and Shine et al. (1990) . Its current form was first presented in the Intergovernmental Panel on Climate Change's (IPCC) First Assessment Report (Shine et al. 1990) . GWP is defined as the time-integrated radiative forcing over a specific time horizon of an emission pulse of a forcer, divided by the time-integrated radiative forcing over the same time horizon of an emission pulse of CO 2 of equal size (by weight). The GWP has been criticized from different viewpoints (Wuebbles et al. 1995; O'Neill 2000; Smith and Wigley 2000; Manne & Richels 2001; Fuglestvedt et al. 2003 Fuglestvedt et al. , 2010 , and many alternative metrics have been suggested (Fisher et al. 1990; Shine et al. 2005; Tanaka et al. 2009; Gillett and Matthews 2010; Peters et al. 2011; Johansson, 2012) . The most-discussed alternative is the Global Temperature change Potential (GTP), which is defined as the temperature response after a certain time horizon of an emission pulse of a forcer, divided by the corresponding temperature response of an emission pulse of CO 2 of equal size (Shine et al. 2005) . To instead capture the integrated temperature effect over time the Integrated Global Temperature change Potential (IGTP) metric has also been introduced (Peters et al., 2011; Azar & Johansson, 2012) .
In this paper we define and analyze two new metrics based on the effect of emission pulses on sea level: the Global Sea level rise Potential (GSP) and Integrated Global Sea level rise Potential (IGSP). A central question in our work concerns the persistence of Sea Level Rise (SLR) from emissions of different forcers and how that persistence compares with their atmospheric adjustment times and their temperature responses. Since our interest lies primarily in the time dynamics of global average SLR, we will use global average values and leave aside regional climate impacts (cf. Xie et al. 2013) .
Developing these new SLR metrics is in line with the recommendation to the scientific community made by IPCC who argue for research to: "develop metrics for policy targets other than limits to temperature change, such as the rate of temperature change, the integral change, and cost-benefit analysis approaches, or other climate variables" (Plattner et al. 2009) . SLR is one such climate variable that could have important consequences for society and has not yet been used as a basis for comparing climate forcers.
Global warming causes SLR through melting of glaciers, ice caps and ice sheets, calving of ice shelves and through thermal expansion of sea water. However, large uncertainties remain regarding the past and future contributions to SLR from the different mechanisms (Church et al. 2013 ).
SLR will entail a variety of impacts to coastal areas, including loss of biodiversity-rich wetlands, adaptation or collapse of ecosystems, and increased flooding of coastal cities and infrastructure (Lenton 2011; Sriver et al. 2012) . Depending on the scenario 1 used in IPCC's Fifth Assessment report, projected SLR in the 21st century to fall in between 0.26 and 0.97 m for the 21st century alone 2 (Church et al. 2013) , with more than half of the rise still to come after that, even for temperature stabilization scenarios (Schaeffer et al. 2012; Levermann et al. 2013) . The thermosteric part of this is projected to be about 30-55 % (Church et al. 2013) .
Our study is also related to the work focusing on understanding the OHC and sea level consequences of strong volcanic explosions, e.g., Stenchikov et al. (2009) . The short adjustment time of sulfate aerosols put into the lower stratosphere by explosive volcanic eruptions bears a resemblance, regarding time dynamics, to the Short-Lived Climate Forcers (SLCFs). Stenchikov et al. find that although the atmospheric and surface temperature relaxation times are on the order of a decade or less, the OHC and steric SLR have relaxation times on the order of a century. Further, Hu et al. (2013) suggest mitigation of SLCFs could achieve a reduction of this century's SLR by 22-42 %. The recent policy interest in SLCFs also motivates the inclusion of BC in this study besides the well-mixed greenhouse gases. Finally, a metric focusing on SLR could be useful for policy planning, technology strategy evaluation, and Life Cycle Assessment (LCA). When performing such exercises, several metrics should ideally be used to see if the ranking of different policy, technology, or production options are robust to changes in metrics. Consequently, the SLR metrics presented here should not be seen as alternatives but as complements to existing emission metrics.
In section 2 we introduce the new metrics; in section 3 we present our method and numerical model. Subsections 4.1-4.2 contain results and an analysis of those, while subsection 4.3 contains a sensitivity analysis and 4.4 presents the results of using an alternative method for estimating SLR through a Semi-Empirical (SE) model. In the Online Resources (OR) we present the model further, elaborate on the interpretations of SLR metrics and present some additional results. We end with our conclusions in section 5.
Metrics for sea level rise
Different consequences of SLR can be attributed to different time dimensions of changes in the sea level such as: the SLR at a specific point in time, the rate of SLR or the time integrated SLR. The SLR in a specific year is relevant for adaptation planning and or for possible political targets on SLR. The time integrated SLR can be seen as a measure of the accumulated impacts of sea level change. Accumulated impacts are relevant since the sea level increases will cause impacts taking place during the entire time period when it is elevated. Finally, there are also impacts that depend more strongly on the rate of SLR, such as biome loss when the rate of SLR is too fast for a biome to adapt (Lenton 2011 ). Here we focus on the two first aspects and leave metrics for rate of change for future work. See section OR2.2 for a further discussion on SLR metrics.
We define two new metrics for comparing emissions of climate forcers, the Global Sea level rise Potential (GSP) and Integrated Global Sea level rise Potential (IGSP). GSP is defined as the SLR at time t caused by an emission pulse of a climate forcer, divided by the SLR at t caused by an emission pulse of CO 2 of equal weight.
The formal definition is:
where AGSP X t ð Þ is the (absolute) global mean SLR due to a unit pulse emission of a climate forcer X , and t is the time after the pulse emission. In this paper, we primarily focus on the thermosteric component (see discussion about this in section 3). The contribution to the thermosteric part of SLR, AGSP th;X t ð Þ, can be formalized as:
where z is 0 at the sea surface and B at the seabed, ΔT X is the change of the ocean mean temperature at time t , after an emission pulse of climate forcer X in year 0, and at depth z. α is the thermal expansion coefficient at depth z, T 0 is the unperturbed temperature at different depths and s is effective salinity. We assume all expansion of water takes place vertically.
The IGSP metric is the time-integrated SLR, up to time t, caused by a small emission pulse of a forcer divided by the time-integrated SLR up to time t caused by an emission pulse of CO 2 of equal weight.
Hence, the IGSP is defined as:
where AIGSP is the time-integrated AGSP:
In the OR we further evaluate IGSP th (section OR2).
Methodology
Ideally all mechanisms of global warming induced SLR should be explicitly included in a model built to study the link between climate forcers and SLR. However, here we primarily focus on thermosteric SLR, which can be seen as a lower limit for the projected SLR (Levermann et al. 2013) . Separately, we take a full description of SLR into account through the use of a SE relationship between global mean surface temperature and SLR . The reason for focusing on the thermosteric part is that the other major SLR sources such as calving of ice shelves and melting of glaciers and small ice caps are uncertain and difficult to model and that the reliability of SE models for making projections are currently questioned (Church et al. 2013 ).
We use an upgraded version of the Upwelling-Diffusion Energy Balance Model 3 (UDEBM) presented in (Johansson 2011; Azar and Johansson 2012) to estimate the thermosteric SLR.
We have chosen to evaluate the metrics with a set of climate forcers that cover the whole scale of adjustment times, from the shortest-lived (BC) to the longest-lived (SF 6 ) (see Table OR1 ), although we will primarily focus on SLCFs.
The UDEBM is tuned to give OHC changes in line with observations (Levitus et al. 2012 ) and a mean global annual surface temperature response similar to that of HadCRUT 4 (Jones et al. 2012 ) (see OR). The model structure and its calibration are similar to for example Shine et al. (2005) and Hoffert et al. (1980) . In the base case the climate sensitivity is set to 3°C for a doubling of CO 2 concentration. The tuning of the model is carried out by varying the effective vertical diffusivity, the relative warming of downwelling polar water, the upwelling/downwelling velocity, the aerosol forcing strength, the land to sea heat exchange coefficient, the land-ocean warming ratio in equilibrium, and the marine warming enhancement. All of these parameters are kept in line with assumptions used in similar models (see OR) (Baker and Roe 2009; Olivié and Stuber 2010; Meinshausen et al. 2011a) . The robustness of the model results to changes in these parameter values is tested in a sensitivity analysis, see section 4.3. The effective thermal capacity of land and the atmosphere above is set to equal a four meter pillar of water as an approximation of its effective heat capacity (Kriegler 2005; Olivié and Stuber 2010) . The model results for surface air temperature, OHC, and thermosteric SLR following a 100 GtC pulse fall in the middle of the spectrum reported by Joos et al. (2013) , who compare the results of a range of Earth System Models (of varying complexity) and reduced-form models (see OR).
The model's time resolution is 0.1 years. We assume that the entire emission pulse is distributed evenly over this time (i.e., a tenth of a year). Due to the short adjustment time of BC we assume that the atmospheric stock reaches its equilibrium level immediately during this time step and that the stock drops to zero in the next time step. This is a workable approximation since the build-up to the atmospheric equilibrium level takes place within a few weeks and the atmospheric level drops back to zero within in a few weeks after the emission ceases. All other studied gases are modelled using simple gas-cycle models in line with those used in IPCC AR5 (Myhre et al. 2013) . The carbon cycle is modelled through an impulse response function based on the Bern 3 days-LPJ carbon cycle (Joos et al. 2013) . A constant background concentration at 389 ppm was assumed in the estimation of this impulse response function. For the simulations performed in this study, the emission pulses are 10 6 kg=1 metric ton (Mt).
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The calculation of thermosteric SLR implemented in the model utilizes the polynomial approximation of the equation of state for the density of water by Gill (1982) . The density of water is dependent on temperature, pressure, and salinity. See Fig. OR2 for an illustration of how the thermal expansion coefficient depends on ocean depth. Using observed values of salinity and temperature with depth from Levitus (1982) , we calculate the density of each layer for the starting condition. At the end of each simulated year, the change in temperature is used to determine the change in density for the model's layers, which together give the thermosteric SLR.
The model used in this study is relatively simple and the mechanisms by which the modeled ocean takes up energy approximates a series of natural mixing mechanisms in a simple parameterized manner. For this reason, the results should be interpreted with some care. However, these kinds of simple models (UDEBMs) have proven to be useful for various sorts of climate impact analyses, including analysis of SLR (Wigley and Raper 2005) . Further, besides replicating the aggregated observed increased OHC (Levitus et al. 2012) (Fig. OR6 ) and land and ocean surface temperature (Jones et al. 2012 ) relatively well (Figs. OR7 and OR8), the SLR caused by an emission pulse of CO 2 found in our model is in line with Joos et al. (2013) (see Fig. 3 ).
Results and metrics evaluation

Absolute metrics AGSP and AIGSP
The global annual mean surface temperature response (i.e., the absolute global temperature change potential, AGTP) and the thermosteric sea level response (i.e., the absolute thermosteric SLR potential, AGSP th ) to emission pulses of different forcers are presented in Fig. 1 . The climate forcers are assumed to be evenly emitted during one tenth of a year.
For BC, which only stays in the atmosphere for about a week, AGTP reaches its maximum promptly after the emission pulse and drops rapidly after that (Fig. 1a) . For AGSP th,BC , the peak is reached in the first year and the 50 % level is reached after 14 years. After 200 years, AGSP th,BC has declined to about 12 % of its peak value. The persistence of the sea level response originates mainly from contributions to AGSP th,BC from deep ocean warming ("below 260 m" in Fig. 1b) . When the temperatures of the interior and deep ocean have increased, it will take centuries before all of the energy is brought back to the surface and radiated out to space, see also Peters et al. (2011) . The sea level contribution from the top 260 m (corresponding to three top layers) diminishes relatively quickly and basically follows a similar time response as AGTP BC .
Methane has an adjustment time of 12 years; AGTP CH4 goes from its maximum value, at 5 years after the emission pulse, to 50 % of that value 24 years after the pulse, whereas the corresponding evolution of AGSP th,CH4 takes place between years 18 and 83, see Fig. 1c, d . After 200 years, AGSP th,CH4 has declined to about 32 % of its peak value (see Fig. 1d ).
Initially, the contribution to AGSP th from the top 260 m dominates for all forcers, but the relative contribution drops over time. For the SLCFs, the top layer's contribution diminishes to insignificance after a few decades, while for the long-lived forcers this happens beyond the twohundred-year timeframe shown in Fig. 1 . For the long-lived forcers, the average temperature of the deeper ocean (below 260 m) increases during a longer time period, and the deep ocean's contribution dominates peak AGSP th . For all forcers, the deep ocean warming determines the majority of thermosteric SLR in the long run. Equilibration of the deep ocean with the earth surface takes a long time (centennial up to millennial time scales, cf. Li et al. 2012; Levermann 2013) .
For all forcers studied, AIGSP is monotonically increasing (see Fig. OR9 ) since it is the area under the graph of AGSP and AGSP is non-negative, for these forcers.
Comparison with other metrics
The GSP th and IGSP th (as defined in section 2) are compared with the most widely used physical-based emissions metrics, GWP, GTP and IGTP, 5 see Table 1 and Fig. 2 . Our estimates of these three widely used metrics are similar, but not identical, to the values presented in the IPCC AR5 report (Myhre et al. 2013 ).
In Fig. 2 GTP displays the familiar pattern of having substantially lower values than the rest of the metrics for the SLCFs, while the GWP and IGTP values are closely related (see Fig. 2 and cf. Peters et al. 2011, Azar and Johansson 2012) . Overall, the choice of time horizon is at least as important as the choice of metric.
After a short initial phase (the duration of which depends on the adjustment time of the forcers), the values of the metrics for SLCFs obey the inequalities: GTP<GSP th <GWP<IGTP<IGSP. See appendix 1 and 2 for a mathematical derivation of why GTP<GSP th <GWP holds for SLCFs. For very long-lived climate forcers, here SF 6 , the order is completely reversed (relative to the SLCFs) over the time horizons considered here. N 2 O has an adjustment time that exceeds the two fractions in the CO 2 impulse response function with the shortest relaxation times (Table OR1 ). This causes the peculiar behavior that the values of the different metrics intersect after a certain time (see Fig. 2c ). The pattern is the same for SF 6 , for which the different metrics start reversing order after 1,200 years (see Fig. OR12 ).
The differences between the metrics are largest for the climate forcers that have an adjustment time that is most unlike that of CO 2 (see Table OR2 ). For example, GWP BC (100)=410, while GSP th,BC (100)=242, whereas the corresponding values for N 2 O are much more similar: GWP N2O (100)=264 and GSP th,N2O (100)=256. Figure OR10 explicitly relates the other metrics to GWP and shows that the choices of both metric and time horizon are more important for short-lived forcers than for long-lived forcers.
Sensitivity analysis
The uncertainties in the quantitative results presented are substantial, especially for the absolute metrics. The overall uncertainty stems from uncertainties in the response of the climate system to forcing, the adjustment times, and the radiative efficiencies of the different species (see Reisinger et al. 2010 for an analysis of the uncertainties for GWP and GTP for CH 4 ).
The uncertainty in radiative efficiencies simply translates into a scaling of the results presented in Figs. 1 and 2 and Table 1. Although this is critical for the numerical values, it will not have any impact on the shape of the SLR over time. Since the time dynamics of SLR caused by emission pulses of different climate forcers and how that dynamics affect our suggested metrics are in focus in this study, we leave the forcing uncertainties aside (see OR). In the following section we present a Monte Carlo analysis where we test the sensitivity of the results for key parameters that govern ocean heat uptake and consequently the thermosteric SLR in the UDEBM.
Monte Carlo analysis
In this Monte Carlo analysis we focus on AGSP th and the parameters in the UDEBM that are most decisive for the ocean heat uptake are randomly drawn from distributions covering plausible values. We include the upwelling velocity, the relative warming of polar water temperature, the effective vertical diffusivity, and the climate sensitivity as randomized parameters. The parameters are assumed to be uniformly distributed within intervals commonly used in the literature (Baker and Roe 2009; Olivié and Stuber 2010; Meinshausen et al. 2011a ), see OR for details.
The distributions estimated for the AGSP show a large variation depending on the randomized parameter combination, see Fig. 3 for AGSP th . For BC the 90 % interval of AGSP th is 3.9×10 −6 -24×10 −6 m after 100 years, while for CO 2 it is 2.2×10 −8 -7.9×10 −8 m. This can be compared to Joos et al. (2013) who find a range of approximately 2×10 −8 -8× 10 −8 m for CO 2 when running BERN 3 days-LPJ with plausible parameter assumptions. The 90 % interval initially grows over time, reaches a maximum value, and then starts to shrink. This is the case for all forcers with a finite adjustment time, but the time horizon over which this takes place depends on the adjustment time of the forcer. For N 2 O and SF 6 , the effect on GSP th is relatively small; hence metric values for these gases are relatively robust for the parameter intervals examined. The GSP th values show a comparatively larger span for BC and CH 4 (Table OR4 ). However, the span of the GSP th values is in relative terms much smaller than that of the absolute metric, AGSP th . A large part of the impact the model parameters have on the absolute metric is cancelled in calculating the relative metric by taking the ratio of two absolute metrics. The characteristics are the same for IGSP th (see section OR3.3).
Semi-empirical model for SLR
Here we present estimates of GSP and IGSP using a SE model for SLR instead of using the thermosteric component only (as estimated in the UDEBM). This alternative method to estimate SLR (here denoted AGSP SE ) was suggested by Vermeer and Rahmstorf (2009) . The SE model relates SLR to global mean surface temperature (T) by a simple first order differential equation (Eq. 5) with parameters calibrated to historical observations (see Vermeer and Rahmstorf 2009) . . The base case corresponds to the standard parameters used for Fig. 1 where a, b and T 0 are constants fitted to reproduce historical observations. This model captures full SLR, not only the thermosteric part but also calving of ice shelves and melting of glaciers and other land-based ice and snow masses. For b=0, the GSP metric based on the SE model is identical to the IGTP metric.
For the constants in Eq. 5 we use the best estimate parameter values presented in Rahmstorf et al. (2012) . The AGSP SE , caused by an emission pulse, produced by the SE model differs from the main case AGSP th in that it does not recede (note though that the surface temperature evolution is identical). SLR in the SE model does not relax back to its initial level ones the Fig. 4 Comparing the thermosteric and SE model for GSP and IGSP over different time horizons. From the top: BC, CH 4 , N 2 O and SF 6 forcing disappears. This is different from the thermosteric SLR in the UDEBM where it drops back as the ocean radiates heat to space. The consequences for the simulated AGSP values are substantial for all climate forcers, but for the time scales typically discussed this becomes most noticeable for the SLCF.
The effect of using the SE model on GSP and IGSP values is summarized in Fig. 4 . The values for the SLCFs are higher (e.g., GSP SE,BC is more than nine times as large as GSP th,BC for all time horizons studied), whereas the values for SF 6 are lower. Both GSP th and GSP SE drop with increasing time horizon for the SLCFs. However, for long-lived GHGs, both GSP th and GSP SE grow over time, with GSP SE growing faster, and both eventually start to decline. For N 2 O this is clear in Fig. 4c , while for SF 6 the drops occur after about 1,000 years. The characteristics of IGSP th and IGSP SE (right column of Fig. 4 ) are similar to those described for GSP th and GSP SE for the different time horizons and forcers studied.
Conclusions
The study has defined, numerically evaluated, and analyzed two new emission metrics GSP (Global Sea level rise Potential) and IGSP (Integrated Global Sea level rise Potential). The GSP is based on the SLR from an emission pulse of a climate forcer relative to the SLR from an emission pulse of CO 2 of equal weight, while the IGSP is instead based on the ratio of the time integrated SLR up to a given time horizon.
The focus of the study is on the thermosteric part of SLR and we utilize an UDEBM to calculate it. The AGSP th caused by an emissions pulse is significant, relative to its peak value, for hundreds of years and for all forcers studied. For example, 200 years after an emission pulse of methane the induced SLR is about 32 % of its peak value. For BC, the corresponding value is about 12 %. Meanwhile, the adjustment times of the species, under present conditions, are only about 12 years and one week, respectively. SLR lasts for a long time even for SLCFs because of the great thermal inertia of the deep oceans.
Both GSP and GTP focus on a climate impact variable (sea level and temperature respectively) at a certain point in time. Although related in definition, GSP is greater than GTP for the short-lived species since the GSP depends on the temperature of the whole ocean while GTP only depends on the surface temperature. This means that GSP has a longer memory of past forcings compared to GTP. Further, we find that GTP<GSP th <GWP<IGTP< IGSP th for all forcers studied given that the time horizon used when estimating the metric is longer than the adjustment time of the forcer. Hence this relation holds for all relevant time horizons for the SLCFs while for SF 6 the order is the opposite until after about 1,800 years when the order is reversed and the relation starts to hold. For N 2 O, the order follows that of SF 6 , but the relation is reversed after about 65 years. The choice of metric (GTP, GSP th , GWP, IGTP, IGSP th ) is much more important for SLCFs than for long-lived greenhouse gases.
The results were explored in a Monte Carlo analysis in which parameters governing climate sensitivity and ocean heat uptake were randomly drawn. GSP th varied much less with parameter assumptions than AGSP th . The reason for this is the strong covariance between the numerator and denominator in the relative metric.
In addition, we estimated SLR with the semi-empirical model proposed by Vermeer and Rahmstorf (2009) . This model differs from our base case (which considers only the thermosteric part estimated by the UDEBM) in that it tries to estimate the full SLR. The use of such a model has a relatively large impact on GSP and IGSP values, especially for BC. The AGSP SE for SLCFs increases substantially compared to our estimates of AGSP th . We find that GSP th <GWP<GSP SE for SLCFs. SF 6 exhibits the opposite pattern, and the results shift over time for N 2 O. The reason for this difference in results is that SLR in the semi-empirical model is irreversible.
In choosing what metric to use the analyst needs to decide both which climate variable to focus on and which treatment of time to use. This study has explored two SLR based metrics with different ways of treating time, and used two different SLR models to assess and compare the SLR impact by climate forcers ranging from BC to SF 6 .
Finally, the choice of metric and time horizons when estimating metric values involves value judgments. Which metric(s) to use is a question of primarily political, not scientific, nature.
6 Appendix 1 6.1 Analytical relationship between GSP * and GWP
Here we demonstrate the relationship between the thermosteric GSP Ã6 and GWP, and show that GSP Ã is smaller than GWP for short-lived forcers. Assume a two-box energy balance model:
where C i and T i are the thermal capacity and temperature of box i, t is time, Δ F is the radiative forcing and λ is the climate sensitivity parameter. κ(T 1 −T 2 ) is the flux of heat from the surface layer to the deep ocean (box 1→box 2).
The total flux of heat into the ocean (d OHC ð Þ) is given by adding equations 6a and 6b which gives:
This is equivalent to:
Which, if both sides are integrated with respect to time t, in turn gives:
Assuming that AGSP Ã th , the thermosteric SLR, is proportional to OHC (see footnote 1) we have:
6 An approximation of thermosteric GSP, assuming a constant thermal expansion coefficient.
We also introduce the commonly used absolute metrics for GWP (AGWP) and IGTP (AIGTP):
From here on T X denotes T 1 for gas X. From Eqs. 9 and 10 and some algebraic manipulation we get:
Using the definition of GWP this gives that:
Consider that: 
Using Eq. 13 in Eq. 12 gives:
Introducing α and β, this can be expressed as
where α ¼ IGTP X GW P X ; β ¼ 1 λ ⋅ AIGT P CO2 AGW P CO2 :
When GWP=IGTP, α=1, so GSP*=GWP.
Standard case for the short-lived forcers, α > 1, so Eq. 15 gives that GSP Ã < GW P. Note that 0 < β < 1 for a positive but non-infinite time horizon. For the long-lived forcers α < 1, so GSP Ã > GWP (for time horizons considered in this paper).
7 Appendix 2 7.1 Analytical relation between GSP * and GTP
We here derive an analytical expression for when GSP* is larger than GTP. It comes out in terms of the relative temperatures of the different ocean layers (assuming a model of the ocean similar to that of this study). Equating LHS of Eq. 7 and LHS of Eq. 8 and integrating we get OHC=C 1 T 1 +C 2 T 2 which generalized to and N-layer ocean together with 8a and the definition of GTP gives: 
Letting ω denote the RHS of Eq. 18 we have:
Equation 18 and 19 gives that:
Inverted Eq. 20 becomes:
For a 2-box model this gives:
For a 1-box model the case is trivial, GTP will in this case always be equal toGSP
For the SLCF it is easy to realize that:
T 1;X T 1;CO 2 ≤ T 2;X T 2;CO 2
: Note also that the thickness of the layer 1 and layer 2 does not make any difference.
